A new material based on silica coated with alumina nanoparticles was proposed for use as a chromatographic support for reversed-phase high-performance liquid chromatography. Alumina nanoparticles were synthesized by a sol-gel process in reversed micelles composed of sodium bis(2-ethylhexyl)sulfosuccinate, and the support material was formed by the self-assembly of alumina layers on silica spheres. Spectroscopic and 29 Si nuclear magnetic resonance results showed evidence of chemical bonds between the alumina nanoparticles and the silica spheres, while morphological characterizations showed that the aluminized silica maintained the morphological properties of silica desired for chromatographic purposes after alumina incorporation. Stability studies indicated that bare silica showed high dissolution (~83%), while the aluminized silica remained practically unchanged (99%) after passing one liter of the alkaline mobile phase, indicating high stability under alkaline conditions. The C18 bonded aluminized silica phase showed great potential for use in high-performance liquid chromatography to separate basic molecules in the reversed-phase mode.
Introduction
Chromatographic supports based on silica coated with metal oxide layers are an alternative for achieving more stable materials for use in reversed-phase liquid chromatography (RPLC), [1] [2] [3] [4] [5] where the hydrolytic stability of stationary phases based on silica coated with metal oxide layers is approximately five-times higher than the stability of similar silica-based phases. 6, 7 These chromatographic supports allow maintenance of the morphology and the porous structure of silica, which are essential to produce high-performance stationary phases. 4, 8 Furthermore, the surface is readily modified, allowing the preparation of chemically bonded 7, 9 or polymer coated 4, 6, 8 stationary phases. Zirconium 6,10,11 and titanium 9, 12, 13 are the most common metal oxides used to coat the silica surfaces. However, on these supports based on silica coated with metal oxide layers, the metallic oxides behave as Lewis acid sites, and also increase the acidity of the residual silanols, 1,2 causing strong retention or asymmetric peaks for some polar and basic substances. 5, 6, 14 Although alumina was the first metal oxide successfully used in the normal-phase mode, alumina-based phases did not show the same performance in reversed-phase chromatography, primarily due to the difficulty of surface modification, producing phases with low carbon content, and showing poor resolution for simple mixtures. 15, 16 However, traces of alumina in a silica support reduced the dissolution rate of chemically bonded phases under alkaline conditions, thus giving a slight increase in the chemical stability for these phases without affecting the chromatographic performance. 17, 18 Different techniques have been employed to prepare silica coated with metal oxide layers. 7, 10, 19 One of these techniques is the layer-by-layer self-assembly of metal oxides, or LbL technique, 20 which has resulted in materials with good performance for chromatographic purposes. [10] [11] [12] [13] 21 In this technique, the particles of chromatographic support are obtained by the immobilization of a surfactant layer on the silica surface, followed by the incorporation of metal oxide nanoparticles and a calcination step. The resulting material consists of metal oxide nanoparticles deposited on the silica surface independent of the interactive forces between the metal oxide and the silica surface. 11, 12 A major difficulty in preparing alumina as a chromatographic support has been its accelerated and disordered growth causing an aggregation of particles. 2, 15, 22 To control the growth of particles, the preparation process of alumina should be conducted in a confined environment that prevents any uncontrolled growth and aggregation of particles. The use of surfactant micelles is an interesting option to prepare alumina particles, which has been widely used in the preparation of metal nanoparticles for catalytic purposes, 22, 25 where the surfactant micelles act as nanoreactors, enabling chemical reactions to occur in the nanosized diameter interior. 24, 26 In this work, we proposed a new method for the preparation of a chromatographic support incorporating nano and submicron-sized alumina particles on a silica surface. The alumina particles were prepared by a sol-gel process within micelles of sodium bis(2-ethylhexyl)sulfosuccinate or Na(AOT), with subsequent incorporation onto silica microspheres by use of the LbL technique. The paper also presented the viability of using this material as a chromatographic support for RPLC through characterizations of morphology and structure as well as the chemical stability.
Experimental

Reagents and chemicals
Microsorb silica (spherical 5 μm particles with a nominal 10 nm pore size) was obtained from Varian (Palo Alto, CA) and sodium bis(2-ethylhexyl)sulfosuccinate (99%) from Sigma-Aldrich (São Paulo, Brazil). Analytical-reagent grade isooctane (99%) and aluminum isopropoxide (99%) were obtained from Sigma-Aldrich. Aniline and its derivatives and pharmaceutical compounds (99%) were purchased from Sigma-Aldrich.
Distilled, deionized water (resistivity >18 MΩ cm) from a Megapurity water purification system (Billerica, USA). HPLC-grade methanol, toluene (99%) and isopropanol (99.8%) were purchased from Tedia (Rio de Janeiro, Brazil) while nitric acid (65%, v/v) and potassium monohydrogen phosphate (99.7%) were from Carlo Erba (Milan, Italy) and Merck (Darmstadt, Germany), respectively. Solvents were filtered using a 0.45-μm poly(vinylidene difluoride) (PVDF) membrane from Millipore (São Paulo, Brazil).
Synthesis of alumina by sol-gel intramicellar
Alumina particles were synthesized by the sol-gel process in reversed micelles of sodium bis(2-ethylhexyl)sulfosuccinate surfactant, Na(AOT). The microemulsion of Na(AOT) was prepared in isooctane using a concentration above the critical micelle concentration of 0.135 mol L -1 ; 2.440 g of Na(AOT) was added to 36 mL of isooctane under gentle stirring and refluxing at 100 C. Subsequently, 1.00 mL of distilled water and 0.250 g of aluminum isopropoxide were added to the surfactant solution, while maintaining the proportion of surfactant:aluminum isopropoxide:water at 90.0:5.4:4.6 by mass. The reaction mixture was vigorously stirred for 2 h at 100 C. After that, 0.90 mL of a 0.01 mol L -1 nitric acid solution was added to the reaction mixture. After the peptization stage, the mixture was aged for 24 h under constant stirring at 100 C, after which the reaction mixture was centrifuged 5 min at 2500 rpm and 25 C to separate the alumina gel content.
Preparation of aluminized silica support
Aluminized silica was prepared by the deposition of alumina gel onto the silica microsphere surface using an adaptation of the layer-by-layer self-assembly technique (LbL). [10] [11] [12] [13] 21 The alumina gel, covered with a surfactant layer, was added to 20 mL of isooctane under stirring at 100 C and the Na(AOT) layer acted as a "glue" for the incorporation of the alumina particles onto the silica microspheres. After 2 h, 1.50 g of silica microspheres, previously dried at 140 C for 12 h, were directly added to the alumina suspension at 100 C, and the reaction process was kept under continuous stirring for 24 h. The reaction mixture was filtered using a 0.22-μm nylon membrane; the solid material was calcinated at 500 C for 30 min, and washed sequentially with isooctane, toluene, isopropanol, methanol and ultrapurified water.
Morphological and physicochemical characterizations
Small portions of aluminized silica (five replicates) were subjected to morphological and physicochemical characterizations. The structure, size and morphology of the aluminized silica were obtained by scanning electron microscopy (SEM), surface area and porosity techniques.
The physicochemical properties of the support material were obtained by Fourier transform infrared (FTIR) spectroscopy, 29 Si nuclear magnetic resonance ( 29 Si NMR), X-ray diffraction (XRD), and elemental analysis.
Scanning electron microscopy (SEM).
The size and shape of aluminized silica particles were determined for gold sputtercoated samples using a JEOL Model JSM-6360LV scanning electron microscope (Tokyo, Japan) at 20 kV. Energy dispersive spectroscopy (EDS) was used to determine the elemental composition of aluminized silica during SEM analysis. Specific surface area and porosity properties. The BrunauerEmmett-Teller (BET) surface area and the pore-size distribution were determined by N2 adsorption-desorption at 77 K, using BET and Barrett-Joyner-Halenda (BJH) methods, respectively. Measurements were made by a Micromeritics instrument, Model ASAP 2010 (Norcross, GA), for samples previously desorbed for 24 h at 140 C under a vacuum (10 -6 torr) before recording their isotherms. Fourier transform infrared spectroscopy. Si-O-Al bonds in aluminized silica were investigated with a Model 4200 FTIR instrument from Jasco (Tokyo, Japan), using potassium bromide (KBr) pellets at a sample:KBr ratio of 1:10. The FTIR spectrum background was corrected using a freshly prepared pure KBr pellet. Each spectrum was collected after 100 scans at a resolution of 4 cm -1 .
Si nuclear magnetic resonance.
Solid-state 29 Si NMR measurements were performed on an INOVA spectrometer (Varian) using cross polarization and magic-angle spinning (CP-MAS) at a frequency of 59.6 MHz. Representative samples of 200 mg were spun at 4 kHz using 7 μm double ZrO rotors. The line broadening used was 30 Hz and the spectral width for all spectra was about 20 kHz. X-ray diffraction. X-ray diffraction (XRD) was used to identify the nature of the aluminized silica particles. XRD patterns were recorded on a Shimadzu XRD 6000 Model diffractometer (Kyoto, Japan) using CuKα radiation, in a continuous θ -2θ scan mode in the range 5.0 -90.0 (2θ), with a step size of 0.02 (2θ) and an acquisition time of 2.4 s. Elemental analysis. Approximately 10 mg of each aluminized silica sample was subjected to elemental analysis on a Model CHN-2400 Perkin-Elmer Analyzer (Shelton, CT).
C18 bonded aluminized silica stationary phase
The aluminized silica support was used to prepare a C18 stationary phase from the reaction with chlorodimethyloctadecylsilane. The reaction was conducted with toluene refluxing under continuous stirring for 48 h. After the reaction, the solid material was separated by centrifugation, and carefully washed with toluene, isopropanol and methanol. Portions of C18-bonded aluminized silica phase (SiAlC18), were submitted for elemental analysis, and indicated a 6.1% of carbon content. A suspension of SiAlC18 in chloroform at 10% (w/v) was prepared, and the slurry was packed into a column with 50 mm × 4.0 mm i.d. at 40 MPa.
Fast degradation test
Three stainless-steel columns having a 50 mm × 4.0 mm i.d., previously washed, dried and weighted with precision (± 0.1 mg), were packed with known quantities (± 0.1 mg) of aluminized silica (replicates). Each column was then connected to a HPLC pump (Varian ProStar 210 pump) with the exit end of the column connected directly to discard. For this test, the alkaline mobile phase consisted of a methanol:0.050 mol L -1 K2HPO4 solution, pH 10 (50:50, v/v), at a flow rate of 0.5 mL min -1 at room temperature. The columns were carefully weighed twice, after 500 and 1000 mL passage of the alkaline mobile phase. Before disconnecting the columns, 100 column volumes of ultrapurified water were eluted to remove any phosphate salts that could influence the total mass of the solid material. The columns were carefully heated at 140 C for 1 h with N2 passing to dry the solid material. After that, the columns were weighed (± 0.1 mg) to determine the mass of aluminized silica remaining. The same procedure was performed for columns packed with bare silica.
Results and Discussion
Preparation of aluminized silica particles
The synthesis of alumina particles was carried out by a sol-gel process within Na(AOT) reversed micelles. Water-containing Na(AOT) reversed micelles were chosen as nanoreactors, since their structural and dynamical properties are well-established. Moreover, the diameter of the aqueous core of these nearly spherical aggregates can be changed by changing the molar ratio [water]/[Na(AOT)], and various nanoparticle sizes can be obtained by varying this parameter. 24, [26] [27] [28] There were four distinct stages to the synthesis. First, aluminum isopropoxide was added to an isooctane solution containing the Na(AOT) micelles; these molecules were then directed towards to the interior of the reversed micelles having polar characteristics. The addition of small volumes of water to the reaction medium promoted the hydrolysis of aluminum isopropoxide, Al(OC3H7)3 + 3H2O → Al(OH)3 + 3C3H7OH.
(
Second, the addition of a nitric acid solution, pH 2, to the reaction mixture led to a peptization process of aluminum hydroxide in the Na(AOT) reversed micelles, resulting in an intermediate aluminum oxyhydroxide, AlO(OH)-boehmite precursor,
The third stage consisted of aging the particles of aluminum oxyhydroxide to obtain aluminum oxide (Al2O3) by a dehydration process at a 100 C, 22 2AlO(OH) → Al2O3 + H2O.
Finally, suspensions of alumina were centrifuged at 2500 rpm for 2 min to remove the organic solvent and reagent residues. The alumina gel, nano and submicron-sized, still covered with surfactant molecules, was employed to prepare the aluminized silica support.
The alumina particles were incorporated onto the silica microspheres by a modification of the LbL technique, 10-13 by depositing layers of alumina particles onto the silica surface.
Silica spheres were used as core particles due to their uniform particle size and excellent ability to resist mechanical and thermal attack. Alumina nanoparticles were used as an external layer in the aluminized silica to give higher chemical stability under alkaline conditions when compared with bare silica. The Na(AOT) surfactant, employed as the contact layer between alumina and silica, was removed with calcination of the material, producing the aluminized silica particles, silica microspheres with a layer of alumina nanoparticles.
Morphological characterizations
The surface properties of a chromatographic support played an important role in the separation performance and selectivity, and also in the retention parameters of liquid chromatography. These parameters were critical for the development of an ideal chromatographic support and, consequently, high-quality reversed stationary phases. Silica was (almost) the ideal support for the reversed phase, principally due to its pore properties and surface area. The surface characteristics of alumina and its low density of organic modification have been factors that have hindered the use of high-performance alumina stationary phases for RPLC. The use of aluminized silica was based upon the use of alumina as a chromatographic support for RPLC, due to its high chemical stability, but with morphological characteristics, pore structure and surface area similar to the original silica. The morphological structure of the aluminized silica particles was characterized by the specific surface area (BET method) and porosity (BJH method). See Table 1 .
The results showed that the surface characteristics of aluminized silica complied with the requirements for support materials to be used in RPLC. Compared to bare silica, aluminized silica presented a reduction in the particle volume and pore size, indicating that the alumina gel was also deposited within the silica pores. The deposition of alumina gel on the silica surface resulted in a support material with lower surface area which still met the desirable characteristics for use in RPLC. The surface properties of aluminized silica were similar to other supports prepared by the LbL technique.
The particles of the aluminized silica support were analyzed by scanning electron microscopy ( Fig. 1) . SEM images showed no aggregations of aluminized silica support particles after deposition of the alumina gel by the LbL technique. The small dots distributed along the surface of silica in the SEM image (Fig. 1B) are alumina gels, confirmed by energy dispersive spectroscopy (EDS). The spherical shape of aluminized silica indicated that the particles of the support have not undergone any significant change in shape with deposition of the alumina nanoparticles. This shape was beneficial for column packing, because it allowed a higher degree of particles compacting in the chromatographic column, and consequently better performance. The image in Fig. 1B shows the deposition of alumina principally on the silica surface. However, the reduction of the pore volume and pore diameter of aluminized silica particles, as compared to the bare silica (Table 1) , indicates the The data given is for 5 replicates.
deposition of alumina also into the pores of silica. The presence of these alumina nanoparticles on the silica microspheres also indicated efficient size control of the sol-gel process in the reversed micelles of Na(AOT).
Physicochemical characterizations
Structural characterizations of aluminized silica were performed by Fourier-transformed infrared and 29 Si nuclear magnetic resonance. The type of bonding between the alumina nanoparticles and the silica microspheres was investigated using these two techniques. Figure 2 shows the infrared spectra for bare silica and aluminized silica.
The main bands for bare ( Fig. 2A ) and aluminized silica spectra (Fig. 2B ) occurred at 3500, 2900, 1100 and 975 cm -1 . Compared with the bare silica spectrum, aluminized silica had a reduction in the small peak at 975 cm -1 , which was attributed to the vibration of free silanol groups (Si-OH). This change suggested the incorporation of alumina particles onto the silica surface through silanol sites, probably by the condensation of Si-OH and Al-OH groups. The intense peak at 1100 cm -1 (stretching of Si-O-Si bonds) was broadened after the deposition of a layer of alumina nanoparticles on the silica surface. Si-O-Al bonds also absorbed IR energy in this region, this result corroborated the hypothesis concerning formation of Si-O-Al bonds by the condensation of Si-OH and Al-OH groups. The band near 2900 cm -1 was attributed to CH stretching of the CH2 and CH3 groups, which occurred mainly in the bare silica spectrum due to impurities of organosilane groups from the preparation of silica.
The presence of alumina on the silica structure was also observed by 29 Si NMR. Figure 3 shows the spectra of aluminized silica and bare silica. The band broadening of the silicon species in the 29 Si NMR spectrum of aluminized silica (Fig. 3B ) was related to the presence of Al in the silica support.
29 Q 4 species [(SiO)4Si] (δ = -107 ppm) and Q 3 [(SiO)3Si-OH] (δ = -101 ppm), present on bare silica (Fig. 3A) , had narrower bands than these species on the aluminized silica support. The signals relating to Q (δ = -92 ppm) overlapped in the aluminized silica spectrum, as can be seen by the broadening of these signals due to the presence of Al on the silica support. 29, 30 The broader are the signals, the larger is the amount of alumina deposition on the silica structure. 31 Furthermore, when compared to the 29 Si NMR spectrum of bare silica, signals were shifted by about -5 ppm in the aluminized silica spectrum. These results were consistent with those obtained by infrared spectroscopy for the aluminized Significant quantities of Si-OH groups (Q 3 at δ = -96 ppm) remained after the incorporation of alumina on silica. The presence of these groups was essential for modifying the support surface for the preparation of reversed phases. Amorphous aluminized silica lacked a crystal structure, and did not generate a sharp X-ray diffraction pattern. These results indicated that, even after a calcination step at 500 C, aluminized silica maintained an amorphous structure that was most appropriate for good HPLC support.
Stability evaluation
The chemical stability of the aluminized silica and silica support material was evaluated by passing the alkaline mobile phase (MeOH:0.050 mol L -1 phosphate solution, pH 10, 50:50 v/v) through the material. The mobile phase elution at high pH and high salt concentration promotes fast degradation of the material, resulting in a rapid stability test and a low consumption of solvent. 6, 32 The bare silica and aluminized silica supports were accurately measured before and after each elution step with the alkaline mobile phase. The percentages of remaining mass of bare silica and aluminized silica after passing 500 mL of the alkaline mobile phase were 48.9 ± 2.7 and 99.7 + 0.2%, respectively. After passage of 1000 mL of the mobile phase, the percentage of remaining mass of bare silica was 17.0 ± 4.5 and 99.1 ± 0.3% of aluminized silica. The deposition of alumina on the silica support provided significant stability to the aluminized silica as compared to silica without the coating of alumina nanoparticles, which had undergone dissolution exceeding 80% after passing 1000 mL of alkaline mobile phase at pH 10. The same volume of mobile phase dissolved less than 1% of the aluminized silica, suggesting that the Si-O-Al linkages provided a high resistance to alkaline conditions.
C18 bonded aluminized silica phase
The aluminized silica support was chemically modified with C18 groups (SiAlC18), and was used to separate a standard mixture of uracil, aniline, N-methylaniline, N,N-dimethylaniline, and N,N-diethylaniline. The SiAlC18 phase had a lower chemical modification of the support surface with C18 groups compared to those C18 silica bonded phases (~3 μmol m -2 ), 33 only 6.1 carbon percent or 0.96 μmol m -2 . Although the aluminized silica surface had a lower chemical modification, the SiAlC18 phase separated completely the mixture of amines, and the solute elution order followed their reversed-phase characteristics (Fig. 4A) . Additionally, all peaks for the small basic solutes were eluted symmetrically, which could be associated with the presence of alumina on the silica support. Although the surface chemistry of alumina is more complex than that of silica having several and distinct interaction sites, the number of Brönsted acid sites is low, and the strength of the Lewis acid and base is weak. 34 The amine mixture was also separated by a traditional C18 phase under the same chromatographic conditions as used for the aluminized silica phase (Fig. 4B) . The small molecules were eluted in shorter times on a C18 silica column, though these substances were not completely resolved. This fact indicates that the aluminized silica surface is slightly more acidic than the silica surface, resulting in increased retention for basic solutes on this material.
The SiAlC18 phase was also used to separate three pharmaceutical compounds: atenolol (pKa 9.60), metoprolol (pKa 9.67) and propranolol (pKa 9.42), using two different conditions of the mobile phase (Fig. 5) . The separation obtained with the neutral mobile phase showed broad peaks for all compounds, probably due to the stronger retention of these solutes on the aluminized silica surface. However, the use of the alkaline mobile phase at pH 10.5 reduced the interaction of drugs with the support surface, resulting in a shorter analysis time and more symmetrical peaks.
Conclusions
The results presented in this work clearly showed that it was possible to synthesize aluminized silica supports without any aggregation or shape change of the support particles. This was due to the use of a preparation technique for the alumina, which controlled the growth of particles limited to the internal volume of Na(AOT) reversed micelles. Additionally, the LbL technique appeared to be suitable for the preparation process of the aluminized silica support, since the presence of the surfactant from alumina synthesis also functioned as an adhesive layer between alumina nanoparticles and silica microspheres in the LbL process.
The characteristics of the aluminized silica particles were suitable for use as a chromatographic support material. The pore properties of aluminized silica underwent slight changes when compared with chromatographic silica, suggesting that stationary phases with high performance and fast rates of mass Si nuclear magnetic resonance spectra of (A) bare silica and (B) aluminized silica.
transfer could be produced with this material. Additionally, spectroscopic characterizations showed evidence of Si-O-Al linkage formation in the aluminized silica support, thus increasing its chemical resistance to alkaline conditions. The aluminized silica particles produced in this work are currently being employed in our lab to prepare reversed stationary phases by chemical bonding organosilanes and immobilization of organic modifiers on their surfaces (including functional polymers). 
